Stress-mediated magnetoelectric control of ferromagnetic domain wall position in multiferroic heterostructures
The motion of a ferromagnetic domain wall in nanodevices is usually induced by means of external magnetic fields or polarized currents. Here, we demonstrate the possibility to reversibly control the position of a N eel domain wall in a ferromagnetic nanostripe through a uniform mechanical stress. The latter is generated by an electro-active substrate combined with the nanostripe in a multiferroic heterostructure. We develop a model describing the magnetization distribution in the ferromagnetic material, properly taking into account the magnetoelectric coupling. Through its numerical implementation, we obtain the relationship between the electric field applied to the piezoelectric substrate and the position of the magnetic domain wall in the nanostripe.
As an example, we analyze a structure composed of a PMN-PT substrate and a TbCo 2 /FeCo composite nanostripe. The domain wall propagation is typically induced by external magnetic fields, [3] [4] [5] spin-polarized currents, 6-9 localized nonuniform mechanical stress, [10] [11] [12] pinning onto ferroelectric domain walls, 13, 14 and temperature gradients. 15 Also, the mobility of a current-induced domain wall can be piezoelectrically controlled through a strain-mediated magnetic anisotropy. 16 Theoretical and experimental studies of concept devices based on magnetic domain walls range from neuromorphic systems, 17 spintronic logic, 18 racetrack memories, 19 memristors, 20 to labon-chip manipulation of magnetic microbeads. 21 Here, we propose the analysis of the domain wall displacement induced by uniform mechanical stress in a nanostripe with variable section. We introduce an external magnetic field to break the symmetry of the two stable states of magnetization in a uniaxial ferromagnet. When applying the uniform stress to the two-domain system, the wall moves so as to expand the domain that is energetically favored and contract the other one. Since the stress can be generated by a piezoelectric substrate, the system belongs to the class of multiferroic heterostructures. 22 The idea of breaking the symmetry of states has been largely exploited to design memory elements [23] [24] [25] and is here generalized to systems with analog behavior. The switching process between two states of a single domain element is thus replaced by a continuous wall motion between two adjacent domains. It has been proved that the stress-mediated control of magnetization allows for excellent energy efficiency. [26] [27] [28] Accordingly, the scheme hereby proposed is a relevant alternative to current and magnetic field based domain wall motion techniques, which are subject to higher energy consumption.
The proposed system is shown in Fig. 1 . The nanostripe geometry is described by the region V ¼ fÀ , we obtain r > 0 and s < 0 when E 0 > 0, and r < 0 and s > 0 when E 0 < 0. The magnetization distribution in V is defined bỹ MðrÞ ¼ M sc ðrÞ, where M S represents the magnetization at saturation andc is a unit vector. We further assume that the magnetization remains in the (x, y) plane and only depends on variable x. Therefore,MðrÞ ¼ M S ðcos hðxÞ; sin hðxÞ; 0Þ, where hðxÞ is the angle formed byM with respect to the x-axis (see Fig. 1 ).
FIG. 1. Multiferroic heterostructure composed of a piezoelectric (PE) substrate and a magnetoelastic (ME) layer. The ferromagnetic easy-axis (EA) is aligned with the x-axis, while the hard-axis (HA) corresponds to the y-axis. The magnetizationM is described by the angle hðxÞ. The magnetic field H 0 ¼ H 0ẽy and the electric fieldẼ 0 ¼ E 0ẽz are applied to the system. The fieldẼ 0 produces stress components r and s on the plane. To introduce the working principle of the proposed concept device, we define the total energy of the system (minimum at equilibrium) as the sum of anisotropic, exchange, Zeeman, magnetoelastic, and demagnetization terms (see below for their definitions). We initially suppose thatH 0 ¼ 0 andẼ 0 ¼ 0. In these conditions, we consider a N eel domain wall, positioned at x ¼ 0, between two regions with uniform magnetizationsM 1 andM 2 (opposite states coming from the uniaxial anisotropy, see Fig. 2 ). When the magnetic fieldH 0 6 ¼ 0 is applied (perpendicularly to the easy-axis),M 1 andM 2 change toM 0 1 and M 0 2 , which are tilted but still symmetric with respect to the y-axis. Again, the energy is minimum with the domain wall at x ¼ 0 since the energy density is the same in the two domains. IfẼ 0 6 ¼ 0 is then applied, the new statesM 00 1 andM 00 2 lose the symmetry (see Fig. 2 ). Therefore, the domain wall moves so as to reduce the size of the domain with higher energy density in order for the system to attain equilibrium. Note that the stress is capable of breaking the symmetry only ifH 0 6 ¼ 0, which is therefore a crucial element of the system. Indeed, if the stress is applied to the system withH 0 ¼ 0, the magnetic states are tilted but still opposite so that the energy density is again the same in the two domains, precluding motion. The geometry with larger section close to the extremities guarantees the existence of an equilibrium position for the domain wall, preventing it from reaching the extremities and thus being ejected. Indeed, the domain wall has an intrinsic surface energy (proportional to the wall area), which participates to the total system energy. Simple analytical expressions of the wall surface energy are reported in classical textbooks in terms of exchange and anisotropy coefficients. 30 However, these approaches neglect other important contributions (external fields, magnetoelasticity, demagnetization) addressed in the following model, which provides a clear understanding of the underlying physics without the computational effort required by micromagnetic simulations.
From the point of view of the physical response of the ferromagnetic material, the uniaxial behavior along the x-axis is described by the anisotropic energy density 30, 31 
where K u is the anisotropy constant. Similarly, the exchange interaction must be introduced through the energetic contribution u ex ¼ 
The external magnetic field, applied along the y-axis, leads to the Zeeman energetic contribution 30, 31 u
The general form of the energy density describing the magnetoelastic interaction is u me ¼ ÀT ij l ij , where T ij is the local Cauchy stress tensor and l ij ðcÞ is the strain characterizing the magnetostrictive effect. 32 Its mathematical form is þ const: In our case, the piezoelectric substrate is rotated by an angle of p=4 with respect to the frame (x, y), as shown in Fig. 1 . Therefore, we must substitute c 
For instance, if we use the piezoelectric [011] cut PMN-PT ceramic (near the so-called morphotropic phase boundary), we have d 32 ¼ 1000 pC/N and d 31 ¼ À1900 pC/N, 29 assuring a strong magnetoelectric coupling. To sum up, the total energy of the system is
where the last term represents the demagnetization energy density, [30] [31] [32] which is based on the demagnetization tensor 
where
d ðrÞ dzdy represents the average value of the demagnetization field over the nanostripe section, and the adimensional parameters n ¼
measure the intensity of the applied magnetic field and mechanical stress (or electric field), respectively. Since we wish to study the displacement of the domain wall within À
À Á consistently with the statesM 00 1 andM 00 2 , defined in Fig. 2 and corresponding to the solutions of sinð2hÞ À n cos h þ g cosð2hÞ ¼ 0. Since hH d i y;z depends on hðxÞ, the result stated in Eq. (7) represents a second order integrodifferential equation with boundary conditions. To solve this boundary value problem, we developed an ad hoc nonlinear iterative method, 36 combined with an efficient determination of the demagnetization field. To compute the latter, we partition the region V along the x-axis in a given number of parallelepipeds of variable size, consistently with the shape function 'ðxÞ. Since the field produced by a uniformly magnetized parallelepiped can be exactly calculated through closed form expressions, 37 we can add all the contributions to getH d and its average hH d i y;z . In Fig. 3 , we show the solution of Eq. (7) We explored the interval À3:5 g þ3:5, which means that À10 6 V/m E 0 10 6 V/m if we suppose that k s ¼ 2 Â 10 À4 , l ¼ 80 GPa, and the piezoelectric coefficients correspond to the PMN-PT ceramic. 29 Moreover, we imposed the value n ¼ 0:43, corresponding to an applied magnetic field H 0 ¼ 20 Â 10 3 A/m. This can be simply implemented using patterned nanomagnets. 38 Concerning the geometry of the nanostripe, we considered L ¼ 400 nm, h ¼ 20 nm, and a quadratic shape function 'ðxÞ ¼ a þ In Fig. 3 , we can observe that the domain wall moves leftward for g > 0 and rightward for g < 0, expanding the favored domain and contracting the other one. Besides, this behavior is reversible with respect to the values of g. We can identify, for the example under consideration, a maximum displacement as large as x p;max ¼ 70 nm in both left and right directions. The result in Fig. 3 can be used to determine the position of the domain wall in terms of the parameter g (À4:5 < g < þ4:5). This is shown in Fig. 4 for three different profiles of the nanostripe: ' 1 ðxÞ corresponds to the shape used in Fig. 3, ' 2 ðxÞ to the same function with a ¼ 40 nm and b ¼ 90 nm, and ' 3 ðxÞ to a ¼ 40 nm and b ¼ 100 nm. Interestingly enough, a larger section at the extremities of the nanostripe reduces the maximum displacement of the domain wall. Moreover, there is a threshold value for b -a under which it is not possible to stabilize the position of the wall for a given stress. In fact, we proved that Eq. (7) nanostripe with a variable cross-section, increasing toward the extremities. These results have been confirmed by standard micromagnetic simulations, not reported here for the sake of brevity. All cases shown in Fig. 4 exhibit a nearly linear region for low values of the electric field, a maximum displacement for a given g, and an inversion of the direction of motion by further increasing g. Of course, it is the energetic difference between the domains (total energy without the exchange contribution) that directly drives the extent of the displacement of the domain wall. Now, if we consider only anisotropic, magnetoelastic, and Zeeman contributions, this difference exhibits a saturation trend for large values of g. Then, it is the complex behavior of the demagnetization energy that explains the inversion of the direction of motion for large values of g. Finally, in Fig. 5 we analyze the effect of the static magnetic field on the displacement of the domain wall. As expected, the displacement is an increasing function of the magnetic field intensity (with a fixed electric field). Nevertheless, there are two different magnetization states only for magnetic fields below a given threshold. For instance, when g ¼ 0, there are two distinct orientations (given by sinð2hÞ Àn cos h ¼ 0) only if jnj < 2. We also underline that in our model we neglected possible pinning effects, which can yield an hysteretic response, depending on density and size of defects or imperfections.
To conclude, we theoretically demonstrated the possibility to control a magnetic domain wall position in a multiferroic heterostructure. This technique is relevant from the energetic point of view. Indeed, if we consider a piezoelectric PMN-PT substrate (length L ¼ 400 nm, width b ¼ 80 nm, and thickness d ¼ 1 l m) with relative dielectric constant e r ¼ 5500 for the structure described by ' 1 ðxÞ, we obtain an energy DE ¼ e r e 0 LbdE 2 0 ¼ 1:5 fJ ¼ 3.6 Â10 5 k B T for moving the wall between Àx p;max and x p;max (we used E 0 ¼ 610 6 V/m generated by an electric potential difference of 61 V). For comparison, we can cite the energy dissipation DE ¼ 10 4 fJ for one logic operation in a currentdriven gate based on the domain wall motion. 39 Further investigations on this subject will consist in analyzing the dynamic behavior, 31 the effects of thermal noise, 40 and the response of a real prototype.
